A parallel hybrid electric vehicle (PHEV) is used to investigate the fuel economy effect of the equivalent fuel consumption minimization strategy (ECMS) with the equivalent factor as the core, where the equivalent factor is the conversion coefficient between fuel thermal energy and electric energy. In the conventional ECMS strategy, the battery cannot continue to discharge when the state of charge (SOC) is lower than the target value. At this time, the motor mainly works in the battery charging mode, making it difficult to adjust the engine operating point to the high-efficiency zone during the acceleration process. To address this problem, a relationship model of the battery SOC, vehicle acceleration a, and equivalent factor S was established. When the battery SOC is lower than the target value and the vehicle demand torque is high, which makes the engine operating point deviate from the high-efficiency zone, the time that the motor spends in the power generation mode during the driving process is reduced. This enables the motor to drive the vehicle at the appropriate time to reduce the engine output torque, and helps the engine operate in the high-efficiency zone. The correction function under US06 condition was optimized by genetic algorithm (GA). The best equivalent factor MAP was obtained with acceleration a and battery SOC as independent variables, and the improved global optimal equivalent factor of ECMS was established and simulated offline. Simulation results show that compared with conventional ECMS, the battery still has positive power output even when the SOC is less than the target value. The SOC is close to the target value after the cycle condition, and fuel economy improved by 1.88%; compared with the rule-based energy management control strategies, fuel economy improved by 10.17%. These results indicate the effectiveness of the proposed energy management strategy.
Introduction
Hybrid electric vehicles (HEVs) have two major technical problems: mode switching during dynamic operation and energy distribution during steady-state operation [1] . Currently, energy management control strategies mainly fall into two categories: rule-based (RB) energy management and optimization-based control strategies [2] . Commonly used RB strategies include the charge-depleting and charge-sustaining (CD-CS) strategy and fuzzy logic (FL) rule-based strategy [3, 4] . This kind of strategy is simple, easy to implement, and highly practical, but requires a wealth of prior knowledge and engineering experience. Global optimization-based control strategies under known working conditions include dynamic programming (DP) [5] , Pontryagin's minimum
Vehicle Dynamical Systems Structure and Modeling
The structure and parameters of the integrated starter-generator (ISG) hybrid vehicle studied in this paper are shown in Figure 1 and Table 1 . The main components of the system include the engine, wet multi-plate clutch C1, ISG, continuously variable transmission (CVT), final drive, battery pack, etc. The vehicle control unit (VCU) starts the engine and switches between the pure electric drive and hybrid drive of the vehicle by controlling the combination and separation of the wet multi-plate clutch C1. 
Vehicle Longitudinal Dynamics Model
According to the vehicle configuration in this study, the vehicle torque and speed must always meet the following conditions at any time in hybrid drive mode: 
According to the vehicle configuration in this study, the vehicle torque and speed must always meet the following conditions at any time in hybrid drive mode:
T req (t) = (T e (t) ± T m (t))i cvt (t)i 0 η T (t) (1) ω m (t) = ω e (t) = ω w (t)i cvt (t)i 0 (2)
The meanings of the variables in Formulas (1)-(3) are shown in Table 2 . T req (t) 1 vehicle demand torque (Nm) ω m (t) 1 motor speed (rpm) T e (t) 1 engine torque (Nm) ω e (t) 1 engine speed (rpm) T m (t) 1 motor torque (Nm) ω w (t) 1 wheel speed (rpm) i cvt (t) 1 CVT speed ratio u(t) 1 vehicle speed (Km/h) i 0 the final drive ratio r wheel radius (m) η T (t) 1 the efficiency of the transmission system -- 1 are the values of variables at time t and they are all functions of time.
Engine and Motor Model
The establishment of engine and motor models mainly includes theoretical modeling and experimental modeling. Considering the complexity of theoretical modeling, this study chose a numerical model. Based on experimental data, a three-dimensional map was created by interpolation of the data and the data required for the engine and motor obtained by looking it up in the table.
be(t) = be(ω e (t), T e (t)) (4) η e (t) = η e (ω e (t), T e (t)) (5)
The meanings of the variables in Formulas (4)-(8) are shown in Table 3 . 0 and t f the initial and end time of engine operation (s) T m_dis (t) 1 torque of the motor during driving (Nm) Pe(t) 1 engine power (kW) --
Battery Model
The battery model includes an internal resistance model and a capacity resistance model. In this study, the more commonly used internal resistance model was selected. The SOC change and charging and discharging efficiency of the battery can be expressed by Equations (9)- (11) . Assuming that the storage energy degradation and leakage effects are negligible [9, 17] :
The meanings of the variables in Formulas (9)-(12) are shown in Table 4 . the capacitance of the battery (Ah) η b_dis (t) 1 the battery discharge efficiency V oc (soc) 2 the battery open circuit voltage (V) P b (t) 1 the power of the battery (kW) R b (soc) 2 the battery internal resistance (Ω) P m (t) 1 the power of the motor (kW) 1 are the values of variables at time t and they are all functions of time. 2 are the values of variables under different battery SOC and they are all functions of SOC.
For the power retention type HEV, the battery SOC should be kept in the middle range, and it is possible to receive the regenerative braking energy while ensuring sufficient power to provide traction, which helps improve the battery life [18, 19] .
CVT Model
CVT has the characteristics of a continuous change of speed ratio. When the engine participates in the whole vehicle drive, the engine operating point can be changed by continuously adjusting the speed ratio to make it work in the high efficiency range as much as possible. The acquisition of the CVT ratio can be optimally obtained by the instantaneous efficiency of the vehicle under different demand torque and vehicle speed. CVT transmission efficiency is a function of the speed ratio and the torque, which can be obtained by looking them up the table:
The meanings of the variables in Formula (13) are shown in Table 5 . Figure 2 shows the CVT speed ratio in the hybrid drive mode, the engine individual drive mode, the motor individual drive mode, and the regenerative brake mode, which are obtained by instantaneous optimization efficiency.
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Conventional ECMS Model

Build ECMS Optimization Objective Functions
The minimum equivalent fuel consumption was achieved by reasonably considering the cost of engine power generation and the loss of motor operation. The power consumption and fuel consumption should be treated equivalently, so that the overall fuel consumption is greatly reduced [20] .
The vehicle's total fuel consumption objective function is： 0 ()
S P t is the battery equivalent fuel consumption and can be expressed by Equation (15):
st is the equivalent factor and can be expressed as: 
The meanings of the variables in formulas (14)-(16) are shown in Table 6 . 
Conventional ECMS Model
Build ECMS Optimization Objective Functions
The vehicle's total fuel consumption objective function is:
m eng (P e (t)) + S equ (P b (t)) (14) S equ (P b (t)) is the battery equivalent fuel consumption and can be expressed by Equation (15):
s equ (t) is the equivalent factor and can be expressed as:
The meanings of the variables in Formulas (14)-(16) are shown in Table 6 . meng(Pe(t)) 1 the engine instantaneous fuel consumption (L) SO the battery SOC after normalization Sequ(P b (t)) 1 the battery instantaneous equivalent fuel consumption (L) SOCup the upper limit of the battery during operation Sequ(t) 1 battery equivalent factor SOC l the lower limit of the battery during operation η chg average charge efficiency of the battery P(SO) the correction factor of the battery SOC η dis average discharge efficiency of the battery m and n SOC correction function coefficients η m_dis average efficiency of the motor during driving S dis (t), S chg (t) 1 the discharge and charge equivalent factors of the battery 1 are the values of variables at time t and they are all functions of time.
Correction Function with SOC as Independent Variable
In order to ensure that the SOC of the battery is maintained within the target range, an S-type correction function was proposed [21] to modify the equivalent fuel consumption of the battery by changing the equivalent factor value to regulate the power distribution between the engine and motor. When the SOC is high, the equivalent factor value decreases along with the cost of electric energy relative to the fuel; hence, the vehicle tends to use electric energy; When the SOC is low, the equivalent factor value increases along with the cost of the electric energy relative to the fuel; hence, the vehicle tends to consume fuel.
From the relationship between the SOC and internal resistance of the battery in Figure 3 and the literature [18, 19] , the operating range of the battery SOC was set between 0.5 and 0.8. It is desirable that the SOC of the battery be maintained at approximately 0.65. Before solving the expression, the battery SOC should first be standardized as shown in Equation (17):
Energies 2018, 11, x FOR PEER REVIEW 8 of 17 Figure 4 shows the SOC correction function at different coefficients. When the SOC is lower than the target value, different m, n values have a greater influence on the equivalent factor value. The instantaneous equivalent minimum fuel consumption is sensitive to the equivalent factor [22] ; hence, it is necessary to find the value of the best correction factor. To maintain the SOC balance, the S-shaped correction function is as follows:
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The meanings of the variables in Formulas (17)-(18) are shown in Table 6 . Figure 4 shows the SOC correction function at different coefficients. When the SOC is lower than the target value, different m, n values have a greater influence on the equivalent factor value. The instantaneous equivalent minimum fuel consumption is sensitive to the equivalent factor [22] ; hence, it is necessary to find the value of the best correction factor. Figure 4 shows the SOC correction function at different coefficients. When the SOC is lower than the target value, different m, n values have a greater influence on the equivalent factor value. The instantaneous equivalent minimum fuel consumption is sensitive to the equivalent factor [22] ; hence, it is necessary to find the value of the best correction factor. 
Improved ECMS Model
Correction Function with Acceleration a as the Independent Variable
During the driving process, when the vehicle acceleration is large and the SOC of the battery is less than SOClow, the conventional ECMS control strategy will increase the value of the equivalent factor. At this time, the battery switches from the discharge state to the fast charge state, and the engine load is greatly increased, which in turn causes the engine operating point to deviate from the high-efficiency zone. Therefore, to reduce the engine fuel consumption rate when the vehicle acceleration is high and SOC is low, the equivalent factor should be appropriately reduced, and the torque output of the motor is increased to compensate for the increased external demand torque, thereby reducing the fuel consumption of the vehicle.
From the driving conditions of the vehicle, the acceleration under four representative working conditions: NEDC, UDDS, HWFET, and US06 were selected for analysis. Figure 5 shows that the 
Improved ECMS Model
Correction Function with Acceleration a as the Independent Variable
During the driving process, when the vehicle acceleration is large and the SOC of the battery is less than SOC low , the conventional ECMS control strategy will increase the value of the equivalent factor. At this time, the battery switches from the discharge state to the fast charge state, and the engine load is greatly increased, which in turn causes the engine operating point to deviate from the high-efficiency zone. Therefore, to reduce the engine fuel consumption rate when the vehicle acceleration is high and SOC is low, the equivalent factor should be appropriately reduced, and the torque output of the motor is increased to compensate for the increased external demand torque, thereby reducing the fuel consumption of the vehicle.
From the driving conditions of the vehicle, the acceleration under four representative working conditions: NEDC, UDDS, HWFET, and US06 were selected for analysis. Figure 5 shows that the acceleration range of the US06 operating condition is larger, and the range is between −3.5 m/s 2 and 4 m/s 2 , while that of the other three operating conditions range between −1.5 m/s 2 and 1.5 m/s 2 .
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According to the range of acceleration values under typical working conditions, the upper and lower limits of acceleration up a and l a are set to 1.5 m/s 2 and −1.5 m/s 2 , respectively.
The parabolic correction function is written as:
The meanings of the variables in formulas (19)- (20) are shown in Table 7 .
Optimal Equivalence Factor MAP Establishment
Establishment of Equivalence Factor MAP with SOC and a as Independent Variables
The final battery equivalent fuel consumption equation is： 
The constraint ranges are： Before solving the expression, the acceleration was also standardized by the same method shown in Equation (19):
According to the range of acceleration values under typical working conditions, the upper and lower limits of acceleration a up and a l are set to 1.5 m/s 2 and −1.5 m/s 2 , respectively.
The meanings of the variables in Formulas (19)- (20) are shown in Table 7 . The upper limit of acceleration (m/s 2 ) T emin (ω e (t)) 1 the minimum torque of the engine when the rotating speed is ω e (t)(Nm) a l the lower limit of acceleration (m/s 2 ) T emax (ω e (t)) 1 the maximum torque of the engine when the rotating speed is ω e (t)(Nm) P(aa) correction factor of the vehicle acceleration T mmin (ω m (t)) 1 the minimum torque of the motor when the rotating speed is ω m (t)(Nm) δ,γ acceleration correction function coefficients T mmax (ω m (t)) 1 the maximum torque of the motor when the rotating speed is ω m (t)(Nm) the optimal torque distribution of the motor (Nm)
Optimal Equivalence Factor MAP Establishment
Establishment of Equivalence Factor MAP with SOC and a as Independent Variables
The final battery equivalent fuel consumption equation is:
where
The constraint ranges are:
The meanings of the variables in Formulas (21)-(22) are shown in Table 7 .
Problem (21) is a nonlinear optimization problem that consists in determining the two decision variables in SO, aa that minimize the objective function in (14) and meet the six bounding constraints, two equality constraints, and the decision variables are real. P br (t) is "free energy" that needs to be removed when calculating the equivalent fuel consumption; According to the method of obtaining the equivalent factor in the literature [23] , the simulation of the given cycle condition with different u values can be used to determine the electrical energy and fuel energy consumption [E b (u),E e (u)], as shown in Figure 6 . The u value represents the ratio of the engine fuel energy consumption to driving energy consumption of the vehicle. If u > 1, then the engine drives the motor to generate electricity while driving the whole vehicle; if u < 1, then the engine and motor jointly drive the whole vehicle; if u = 1, then the vehicle is driven only by the engine and the corresponding abscissa is the regenerative braking energy under the whole cycle condition. The slopes at u < 1 and u > 1 represent the equivalent fuel consumption factors for battery charging and discharging, respectively.m, n, δ, γ are coefficients of the equivalent factor correction function, respectively, and each coefficient value range is set to m, n, δ, γ ∈ [0, 2]. In this paper, a genetic algorithm (GA) and MatLab/Simulink were combined to solve the correction function coefficients. Figure 7 shows the optimization process of solving the equivalent factor correction function. In this paper, a genetic algorithm (GA) and MatLab/Simulink were combined to solve the correction function coefficients. Figure 7 shows the optimization process of solving the equivalent factor correction function. In this paper, a genetic algorithm (GA) and MatLab/Simulink were combined to solve the correction function coefficients. Figure 7 shows the optimization process of solving the equivalent factor correction function. 
Improved ECMS Real-Time Optimization Solution
For a single-shaft parallel hybrid vehicle, the engine and motor are coaxially connected in parallel. The engine speed in the hybrid drive mode is not a controlled variable; thus, the torque becomes the only control variable of the energy management strategy. The power distribution at this time is equivalent to the torque distribution [24] . Therefore, the torque of the motor is used as the control variable.
Under the premise of driving and satisfying the dynamics of vehicle conditions, the torque of the motor was gradually increased from 
Under the premise of driving and satisfying the dynamics of vehicle conditions, the torque of the motor was gradually increased from T mmin to T mmax . The corresponding engine torque value at this time is min[(T req − T mmin ),T emax ]∼ max[( T req − T mmax ), T emin . The engine and motor power were obtained according to the engine and motor speed, and the equivalent fuel consumption rate of the engine and battery was calculated by the fuel consumption model. The function:
to be optimized was used to solve the torque corresponding to the engine and motor at this time. T opt e (t), T opt m (t) constraint ranges are:
The meanings of the variables in formulas (23)-(24) are shown in Table 7 . The solution process is shown in Figure 8 . The meanings of the variables in formulas (23)-(24) are shown in Table 7 . The solution process is shown in Figure 8 . 
Simulation and Analysis
GA Optimization Result
In this study, the 10-US06 operating condition with large acceleration and acceleration time ratios were selected to verify the effectiveness of the new control strategy. The total mileage is 128.1 km, and the initial SOC is 0.5. The population evolutionary algebra is 150; the population size is 50; the progeny crossover probability is 0.8, and the mutation probability is 0.02. Table 8 lists the optimal correction function coefficients after GA optimization. Figure 9 shows the optimal correction factors MAP with different accelerations and SOCs after GA optimization. 
Simulation and Analysis
GA Optimization Result
In this study, the 10-US06 operating condition with large acceleration and acceleration time ratios were selected to verify the effectiveness of the new control strategy. The total mileage is 128.1 km, and the initial SOC is 0.5. The population evolutionary algebra is 150; the population size is 50; the progeny crossover probability is 0.8, and the mutation probability is 0.02. Table 8 lists the optimal correction function coefficients after GA optimization. Figure 9 shows the optimal correction factors MAP with different accelerations and SOCs after GA optimization. Through offline global optimization, the optimal correction factor corresponding to the lowest running cost of the whole vehicle under different accelerations and battery SOCs was obtained. When the acceleration of the whole vehicle is large and the SOC of the battery is lower than the target value, the value of the correction factor is less than 1, which indicates that the cost of electricity is lower than that of fuel at this time, and the battery can still discharge and drive the motor to operate. When the acceleration is small and the battery SOC is too low, the correction factor value is greater than 1, which indicates that the cost of electricity is higher than that of fuel, and the engine should drive the motor to charge the battery.
Vehicle Simulation Results and Analysis
In order to verify the fuel-saving effect of improved ECMS and battery SOC retention, the numerical model of the whole vehicle components and the improved ECMS strategy model was established based on the MatLab/Simulink platform, and the backward simulation model of vehicle dynamics was developed. The improved ECMS, conventional ECMS, and RB energy management control strategies were compared under 10-US06 condition with initial battery SOC of 0.5. Figure 10 shows the working condition of US06. It can be seen from the figure that the vehicle has large acceleration and deceleration under all working conditions. Figure 11 shows the SOC variations under the improved ECMS and conventional ECMS. The equivalent factor of the conventional ECMS only depends on the battery SOC. When the SOC is lower than the target value, the battery is in the charging mode most of the time; hence, the battery SOC rises rapidly in the initial stage, and the vehicle operates in the CS mode when the SOC target value is reached. The equivalent factor of the improved ECMS is determined by the battery SOC and vehicle acceleration a. When the SOC is lower than the target value but the vehicle acceleration is very large, the value of the equivalent factor will be reduced and the battery still has positive power output drive the motor to assist the engine. When the demand torque is small, the engine appropriately increases the torque output to drive the motor to charge the battery. Therefore, the improved ECMS gradually increases the battery SOC, which eventually remains close to the target value throughout the cycle. Figure 12 shows the comparison of the engine and motor torque changes under the first three cycle conditions. When the SOC is lower than the target value, for the conventional ECMS, the engine drives the motor to charge the battery while driving the whole vehicle; thus, the output torque is very large. For the improved ECMS, when the vehicle acceleration or vehicle demand is very large, the motor still has positive power output or does not act as generator to charge the battery, which prevents the reduction of the fuel economy of the vehicle owing to the large output torque of the engine. When the torque demand or acceleration of the whole vehicle is small, the value of the equivalent factor will increase and the engine appropriately increases the output torque to drive the motor and charge the battery to avoid the SOC from becoming too low; the engine operating point efficiency can also be improved. Through offline global optimization, the optimal correction factor corresponding to the lowest running cost of the whole vehicle under different accelerations and battery SOCs was obtained. When the acceleration of the whole vehicle is large and the SOC of the battery is lower than the target value, the value of the correction factor is less than 1, which indicates that the cost of electricity is lower than that of fuel at this time, and the battery can still discharge and drive the motor to operate. When the acceleration is small and the battery SOC is too low, the correction factor value is greater than 1, which indicates that the cost of electricity is higher than that of fuel, and the engine should drive the motor to charge the battery.
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Conclusions
• A study was conducted to improve the fuel economy of a parallel hybrid electric vehicle using an ECMS with the equivalent factor as the core. The relationship model between acceleration a, battery SOC, and equivalent factor S was established according to the vehicle driving state, and the best equivalent factor MAP was obtained and verified by simulation.
•
The simulation results show that compared with conventional ECMS, the proposed ECMS better maintains the SOC of the battery at the end of the driving process and improves fuel economy by 1.88%; compared with the RB energy management strategy, the fuel economy is improved by 10.17%. The results thus confirm the effectiveness of the proposed control strategy.
A simulation was carried out under the US06 conditions with the initial SOC = 0.5. Since the establishment of the equivalent factor correction function depends on the acceleration of the vehicle and the battery SOC, the control strategy proposed in this article is still applicable to other driving conditions; meanwhile, this strategy still applies when the initial battery SOC changes. But if the working condition and the initial SOC change, the fuel-saving effect of the vehicle will also change. •
The engine model studied in this paper is a steady-state model obtained by two-dimensional interpolation under steady-state engine conditions. During the whole vehicle driving process, most of the engine operation points were under dynamic conditions. When the vehicle accelerates, the engine torque fluctuation range is large; thus, the next step is to compare the fuel economy effect according to the engine dynamics model.
